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ABSTRACT A simple maximum torque per ampere (MTPA) method is designed for interior permanent
magnet synchronous motors (IPMSMs) with no current control. The proposed method tracks the rotor
speed by finding the best pair of voltage angle and amplitude for each motor’s speed and torque condition.
This is achieved without stand for any current control loop and using a single controller, which makes the
technology simple to a great extent, contrary to the majority of methodologies in the literature. Moreover,
a thorough insight analysis is provided to determine analytically the control gains, which simplifies control
and tuning and makes it a suitable contender for the development of low-cost PMSM drives. To illustrate
the capability of the suggested control method, a comparative study is conducted using the popular MTPA
vector control strategy. Experimental results for various situations reveal the ability of the suggested MTPA
controller in steady-state, standstill, and transient conditions. Additionally, to quantitatively assess the
MTPA trajectory tracking accuracy, both control methods are compared using an efficiency metric. Besides,
the US06 standard driving cycle is implemented experimentally to validate the proposed method for electric
vehicle applications.

INDEX TERMS Speed trajectory control, maximum torque per ampere (MTPA), interior PM synchronous

motors (IPMSMs).

I. INTRODUCTION

Interior permanent magnet synchronous motors (IPMSMs)
have been extensively used thanks to their wide speed oper-
ating range and high power density [1], [2], [3], [4]. Their
produced mechanical torque is built up from electromagnetic
combinations of the permanent magnet and the reluctance
created by the rotor’s anisotropy. Because of their reluctance
torque element, IPMSMs are considered well adequate for
field-weakening operations; also, the IPMSMs’ rotors have
mechanical durability, which is essential for smaller air gaps
and high-speed, high-torque operations [5]. The reluctance
torque is a product of the saliency of a high quadrature
inductance and of the direct inductance of the IPMSM.
The saliency also gives interlinkage between the quadra-
ture current and the direct current, a fact named ‘‘cross-
magnetization” [6]. Besides a high magnetic saturation level,
the IPMSM’s behavior is particularly nonlinear because of
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the cross-magnetization effect [7], [8]. The stator inductances
are dependent on armature current as a result of the magnetic
saturation. Even more, the permanent magnet’s flux variation
is dependent on temperature changes. PMSM drives face
several addresses that need to be addressed, such as the effects
of the stator and rotor design ideas, expanded torque density,
limited machine noise and vibration, high starting torque
capability with comprehensive operating speed range, fault-
tolerant, high speed and constant power operation area, and
more [9]. Hence, the delicate control of the PMSM drive is
a challenge that has augured researchers to develop sophisti-
cated control technology to address it.

In [10], [11], and [12], model predictive control (MPC),
which is based on the dynamic model of the plant, is used for
direct speed control, avoiding the need for the complicated
cascaded-control structure as it picks future speed conditions
and selects a control action directly based on the speed track-
ing error. Similarly, in [2], MPC is used again for direct
speed control along with a Lyapunov function to generate
the space vector pulse width modulation (SVPWM) scheme’s
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switching sequence. Another MPC technique, in [13], selects
dynamically the voltage vectors by optimization, and various
other MPC methods are also investigated in [14] and [15].
A model-free predictive current control (MFPCC) of an
IPMSM is developed in [16] to eliminate the requirement
for extensive prior knowledge of the system but it relies
entirely on stator currents and current variations correspond-
ing to different inverter switching states. Despite the MFPCC
approach’s significant differences, it uses a measure similar
to that used in the model-based predictive current control
(MBPCC) approach to derive the inverter’s future switching
state by minimizing a cost function.

But, MPC requires long-drawn manipulations through
optimization to calculate the control action [17]. Another
popular approach for IPMSM speed tracking is sliding
mode control (SMC) owing to its ability to achieve robust-
ness to numerous uncertainties such as parameter variations
[18], [19]. The SMC and adaptive linear neuron (ADALINE)
proportional resonant (PR) control is proposed as a straight-
forward reference current calculation that is not based on any
complex filtering, mathematical transformation, or phase-
locked loop in order to counteract the effects of unbalanc-
ing cases [20]. In spite of the good performance witnessed
with these methods, their inherent chattering phenomenon
emerging from large gains needed for robustness remains
a significant drawback in many applications, limiting their
broad use [21]. In [22], a disturbance observer (DO) is used
to estimate the load torque. A state feedback controller with
an integral term is developed at an operational point after
a nonlinear PMSM model is linearized using the Jacobian
linearization. In addition, this method is extended by using
a sliding-mode observer with the DO in cascade for a speed
sensorless operation. Adaptive control is considered a good
alternative to cope with structured parameter variations due
to varying operating conditions [23], [24], [25]. However,
this technique is also known for not reckoning with the sys-
tem’s unmodeled dynamics and, hence, remains vulnerable
to unstructured uncertainties like unpredictable load torque
disturbance. Even so, it is practically not realistic to model
mathematically every element of the evolving environment
where IPMSM drives are deployed. Moreover, intelligent
control does not have such a limitation due to its model-
free characteristic. For instance, artificial neural networks are
well-known for their learning capabilities. This feature was
successfully used to learn systems with high nonlinearities
and other types of uncertainties [26]. A thorough search
for relevant literature reveals that intelligent control is used
in PMSM drive applications that require robustness [24],
[27], [28]. A major drawback, however, with this control
philosophy is that it exhibits good performance at the expense
of heavy computation [29]. This introduces some level of
complication in the control design and makes their real-time
implementation challenging.

In [30], a variable-equivalent-parameter MTPA control law
is proposed. The effect of the machine parameters’ variation
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is considered on the MTPA trajectory tracking. This strat-
egy depends on current sensing to provide accurate MTPA
current references. Also, MTPA control based on virtual sig-
nal injection (VSI) strategy can be applied to improve the
efficiency of IPMSMs for EVs while inhibiting the noise of
the IPMSM, that is compared against the traditional control
strategy (iy = 0) and look-up table (LUT) method [31], [32].
In [33], considering the difference between the voltage output
by the current controller and the actual voltage applied to the
motor helps to improve the accuracy of derivative information
that influences the current references. Therefore, the tracking
of the MTPA point based on VSI is more accurate than
traditional methods. In [34], the scalar control (v/f) method is
introduced as a modern MTPA method to control the PMSM.
In this strategy, a sensorless method is proposed to control
only the amplitude and frequency of the stator voltage vector
without using any rotor positioner. In contrast, this method-
ology injects a high-frequency voltage signal into the stator
current vector frame, which can be filtered from the measured
currents. A nonlinear-PI (NPI) controller is utilized instead
of the more common PI controller in order to improve the
controller’s convergence property [35]. Alternatively, a novel
integrated control scheme, which combines the field-oriented
control (FOC) scheme with the direct flux vector control
(DFVCQ), is presented in [36]. This control method combines
the advantages of both FOC and DFVC while avoiding the
disadvantages of the two control methods. Hence, accurate
MTPA control is achieved in the constant torque and power
regions.

Unlike the aforementioned techniques, this manuscript
proposes a simple MTPA speed control strategy for IPMSM
drives. The direct voltage control scheme is able to make
the IPMSM track a desired speed trajectory by varying the
motor’s voltage angle and amplitude with respect to torque
and speed. This approach simplifies remarkably the control
scheme with regard to conventional cascaded control methods
like field-oriented control (FOC). Yet, the few direct volt-
age control attempts of PMSMs either require dc-link cur-
rent sensing, inner stabilizing loop, or sophisticated control
[29], [37], [38], [39], [40], [41], [42], [43], [44]. Studies
have shown that finding optimum operation points with mini-
mum current in the presence of various uncertainties requires
extensive tuning [43]. In [44], genetic algorithm is utilized to
determine the control gains at the expense of heavy computa-
tion. Furthermore, [45] uses a numerical approach to find the
specific pair of (v, Af) for IPMSM at different load torques
and speeds.

To solve these limitations, the manuscript suggests a sim-
ple MTPA speed control strategy with a thorough insight
analysis to determine analytically the control gains, which
substantially simplifies the control and tuning to make it more
suitable for low-cost real-time implementation as opposed
to other methods. The proposed control method does not
count on actual voltage values; therefore, acquiring the noisy
motor’s voltages is unnecessary. Also, unlike most existing
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methods, the direct current control loops are not needed in
the designed technique because it is based on the direct volt-
age control strategy, which indirectly regulates the machine
current by limiting/controlling the desired voltage. In other
words, the direct current control loop does not exist in the
proposed method, no direct current controller. Comparisons
are conducted experimentally against the popular MTPA
field-oriented vector control to illustrate the simplicity and
effectiveness of the proposed MTPA controller. To the best of
the authors’ knowledge, this is the first attempt at achieving
MTPA for IPMSMs using a single PI controller with insight
analysis to determine the control gains.

The remaining portion of the manuscript is laid out as
follows: Section II presents the vehicle model and Section I1I
describes the IPMSM’s dynamics. The suggested controller
is outlined in Section IV. Finally, Section V reports and
analyzes experimental comparative results.

FIGURE 1. Vehicle dynamic model for resistance forces calculation.

Il. VEHICLE MODEL

Typical resistance forces for a moving vehicle include wind
resistance Fw resulting from air and vehicle interaction,
rolling resistance F resulting from tire and road interaction,
grade resistance Fg resulting from different road grades,
and acceleration resistance Fj4 resulting from the need to
accelerate the mass of the vehicle. The total tractive force for
the vehicle is shown in Fig. 1 and specified in (1), [46],

Fr=Fp+Fw+Fc+Fa (la)
Fr = KgWcos(8) + KwAV? + Wsin(@8) + WS (1b)
g

where,

Kr  Rolling resistance coefficient
Wind resistance coefficient
Road grade angle

Vehicle weight

Vehicle speed

Vehicle frontal area

Vehicle acceleration
Gravitational constant

%Q><g°¢§

It might be challenging to accurately describe how torque
and vehicle speed change under all possible traffic scenar-
ios. Various standard driving cycles have been enhanced to
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simulate actual traffic conditions. The EPA Supplemental
Federal Test Procedure (US06) is one of them. The following
equations are used to calculate the motor’s reference input
values (speed w, torque 77) after the tractive force Fr has
been determined from (1),

w =Ly (2a)
Iy

0 ="Fp (2b)
rf

where, ry is gear ratio and r; is rolling radius of the wheel.

The standard driving cycle serves as the input, and the
speed tracking and armature current serve as the output for
the EV powertrain model. Between this model’s input and
output, there are: Initially, a vehicle model is used, which
converts the driving cycle into speed and torque values for
the reference motor. Then, the motor control model is built to
track the MTPA trajectory according to the reference speed
and torque [45].

ill. IPMSM DYNAMICS
The dynamic model of an IPMSM in the rotating reference
frame d — g can be written as [29]:

d
vg =Rig + Ly Eid — Lypwiy (3a)
d
vy = Rig + aniq + Lgpwiq + prw (3b)
3 .. .
r= zp[(Ld — Ly)igig + /\zq] (o)

The mechanical equations describing the IPMSM’s motion
can be written as:

d —1( F ) (4a)
dta)—]r v — TL a
d

—0 = 4b
p pw (4b)

where, vg, vy, and iy, iy are the direct and quadrature sta-
tor voltage and current, Ly, L, is the inductance in d — ¢
coordinates, R is the armature winding resistance, A is the
stator flux linkage due to the permanent magnets (PM), J is
the rotor and load inertia, p is the number of pole pairs, F,
is the viscous friction coefficient, & and w are the electrical
position and mechanical speed, respectively, T and 77, repre-
sent the motor and load torques, respectively. From (4), the
mechanical equations of motion, the motor torque equals the
frictional and load torques at steady-state. The load torque,
which is affected by the mechanical load or the road/driving
conditions, has a direct influence on the motor torque/current.

IV. MTPA SPEED CONTROL APPROACH
From [42], the IPMSM’s dynamics (3) at steady-state can be
expressed in a linear matrix form:

val| | R —pwL, ig 0
b=l R L)
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FIGURE 2. Spatial relationship between the applied voltage vector and
reference frames.

Using (5), the motor’s currents can be described in term of
voltages [42]:

g | x R pwly Vd
ig| "' —pwLy R Vg—pwA

1

— 6
R? —l—pza)zLqu ©

where, k| =
kp is the determinant of the parameter matrix. Thus, the
motor’s g-axis current can be expressed by,

ig =k (qu—pa)Ldvd —Rpa)k) 7
Setting vy = —v sin(A6) and v, = v cos(A0) leads to,
iy = ki (vaos(AO) T prdvsin(AO)—Rpwk) (8)

Where, v and 6, are the voltage amplitude and angle, respec-
tively. The spatial correlation between the synchronously
rotating d — g frame, « — B stationary frame, and applied
voltage vector is depicted in Fig. 2. Where 6, = 6 + A6 +
/2, and A is the contribution of the proposed method’s
controller.

MTPA is used to produce the output torque with min-
imal current consumption. Since the minimization of the
stator current amplitude is required, the torque derivative with
respect to the angle of the current is calculated [5],

—h 32+ AL — LR

i = L ©)

Substituting i, from (8) in (9) yields to (10), as shown
at the bottom of the page. Then, by substituting i, and iy,
respectively, from (8) and (10) in (3c), the motor’s torque
at MTPA can be expressed directly in terms of its voltage
amplitude v and angle A6 as described by (11), as shown at
the bottom of the page.

It is important to note that the target torque (11) at MTPA
operation condition is expressed in terms of its voltage ampli-
tude v, angle A0 and speed w. The MTPA control objective

is to generate an optimal pair of v and Af for a speci-
fied torque/speed condition. It is noteworthy that there are
infinite possibilities of the pairs (v, Af) to satisfy a given
torque/speed condition. However, these pairs come with dif-
ferent current amplitudes and various losses. Therefore, the
MTPA control aim is to find the specific pair (v, A9) with the
minimum current consumption. It is also important to note
that expressing mathematically the optimal pairs (v, Af) as
a function of torque t and speed w from (11) is a difficult
task to undertake. Consequently, Fig. 3 illustrates the optimal
pairs of (v, Af) from (11) at different load torque and speed.

Fig. 3(b) describes the correlation between the applied
voltage’s magnitude and the motor’s speed. As it can be seen,
the applied voltage’s magnitude, for a specific load torque,
changes linearly with the motor’s speed. As the load torque
increases, the needed voltage amplitude also increases to cope
with a higher load and maintain the motor’s speed. Hence-
forth, the voltage-speed relationship could be designated as a
straight proportionality with respect to the load torque. The
curve slope converts its rate at no-load to its maximum rate at
the nominal load torque of the motor.

Fig. 3(d) presents the relationship between the voltage’s
angle and the load torque. As seen, there is a nonlinear corre-
lation such that the voltage angle, for a given motor’s speed,
can be modeled as a function of the square root of the applied
torque. As speed rises, a change in curvature is observed,
indicating an increase in the constant of proportionality at
low speeds only. Furthermore, the PI controller compensates
for any parameter change that directly affects A6 calculation.
Along with the direct effect of parameter changes on machine
current, which reflects on torque calculation (3c), the voltage
magnitude value varies to handle the mechanical load while
keeping the motor’s speed.

From [47], to obtain the maximum torque at minimum
stator current, iz can be written simply in terms of i, for
MTPA operating point for IPMSM drives as:

(La —Lg) ,
== i (12)
Substituting iz in (3c) yields:
3 ra—Le’s5 ..
r = Ep[ — i3+ g (13)

where 7 is written in terms of i, only. equation (13) can be
rewritten as:

3 ra—Ly) 5 | ..
. [qug + xzq] —t=0 (14)
Which is a depressed cubic equation in terms of i,. This
equation has 2 imaginary roots and 1 real root. Hence, the

A+ \/)\2 + ALy — Ly) (ki (Rvcos(AB) + wLgvsin(Af)—Rwh))>

ig =
2(Lg — Lg)

(10)

T = %pkl (vaos(AH) + devsin(AO)—ka) ()» + \/)»2 +4(Lg — Lq)z(kl(a)Ldvsin(AO) + vaos(AG)—Ra)k))z) )
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FIGURE 3. Performance features of the IPMSM: (a) and (b) Voltage amplitude vs. torque load and speed; (c) and (d) Voltage angle vs. torque load and

speed.

real root can be found using Cardano’s Method, which gives,

iy = VAT + BVCT 4 D~ -Ar + BVCZ 1D (15)

where:
. (162)
- a
3p(Lg — Ly)*
= » (16b)
© 3(La — Ly)?
1
C=— (16¢)
p
k4
=" (16d)
3(Lg — Lq)2

Remarkably, A, B, C and D are dependent on motor’s param-
eters, assuming a constant motor model, which makes i,
dependent on t only. Thus, from (5), the motor’s voltage

magnitude can be explained as follows,

v:‘/v§+v§ 17

v =/ Ria — Lypwiy? + (Riy + Lapwiq + pro)®  (18)

and the voltage angle deflection from the quadrature axis is
given by:

AH = —tan”! (V—d) = —tan~! (
Vq

Rig — Lypwiy )
Riy + Lapwig + prw
(19)

Substituting (12) and (15) in (18) and (19) yield the motor’s
voltage amplitude v and the angle Af at MTPA as a function
of speed and torque, i.e., equation (20) and (21), as shown at
the bottom of the page.

MTPA is applied to enhance the output torque in the sta-
ble torque region of the motor. Notwithstanding, using (20)
and (21) are sophisticated and hard to programing them and

v_\/[ (La — q)(\7/A‘L'+B\/C‘[ - Ar+Bx/Cr2+D) —Lqpa)(jArJrB\/Cr D —-ar + BY/C? +D)]

[ (\7AT+B\/CT2+D JAr+B¢Cr2+D)+Ldpa)(

q>(jAf+Bm V-t +8/c22 D)’ + pro]’
(20)

Rw(ﬁr +BJCTE 4D — | -Ar 1 BJC? +D)2 - Lqpa)(\fAr +BJ/CT2 4D — | -ar + BJ/C? +D)

A6 = —tan”!
(\7/Ar +BJCT2 4D — —Ar + B/CT? +D) + Lypo Lt (\7/A +BJ/CTE 4D — | -Ar + BJCT? +D) +pkw)
(21)
. y
iy = 7sz 22)
4R 472 2 2p20(Lg — Ly)T\2
_ [ 2,22 4 72 i p*ALy — Ly )
' \/Smﬂuw +2( 9P2)~(Ld_Lq) + 3 @3)
R(Ld Lq)ji
Y %p(Ld Lq>2 i Lq>2
A = —tan~ @ ) (24)
d Ly
\? i, e T Lap 7 (5 —Lq>2 +pro
Lypw)2(Lg — L,)?
V= \/ (Lapw)?2 + (ELapew) izd a) i + (pro)? + 2Ly (pw)X(Ly — Ly)i2 (25)
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do not worthwhile for industrial applications. Since the idea
is to reduce the stator current magnitude, in equation (15), the

high order of § ~ 0; so that D becomes negligible,

3(L —L,?
which leads to the motor’s g-axis current expressed by (22),
as shown at the bottom of the previous page.

On the other hand, setting Zf = R? + (Lgpw)* and by
substituting i, from (22) in (20) and (21), the applied voltage
amplitude v and angle A6, at MTPA can be expressed directly
in terms of motor’s speed w and torque t as described by (23)
and (24), as shown at the bottom of the previous page.

It is noteworthy that expressing the motor’s voltage mag-
nitude and angle at MTPA in terms of its speed and torque is
still complicated. Furthermore, studies have shown that the
mechanical time constant is much more dominant than its
electric counterpart. Thus, the voltage drop due to the motor’s
resistance has a negligible impact, [44]; therefore, applying
that on (18) with considering of (12) leads to (25), as shown
at the bottom of the previous page.

While & Lq & 1; therefore, the high order of this term
is negligible. = (L‘IA# ~ 0, so,
L3+ (Lg — Ly)?
v = pa))»\/ 1+ (%)ié (26)

Equation (26) can be simplified by using Taylor Series
expansion around zero as,

L5+ (Lg —
v=w(x+pu2) (27)
) q
The equation (22) can be rewritten as,
2) 2/3
2= (—) /3 (28)
B 3p(Lg — Lq)2

Using (28) in the current form leads to some computing
delay in finding the voltage amplitude value, which has
an impact on the speed tracking performance. Therefore,
equation (28) can be simplified to avoid any latency lag by
employing the Maclaurin Series as,

1 2 2/3
2

=— 1+2 29
2 3(31)(Ld_Lq)2) (1+27) (29)

By substituting i2 (29) in v equation (27) yields,

pLI+ Ly — Ly)? 21 2/3

A 142

( *3 6 (3p(Ld—Lq)2) (I+ T))
(30)

As it can be read from (30), the applied voltage’s magnitude,
for a specific load torque, changes linearly with the motor’s
speed. As the load torque increases, the needed voltage ampli-
tude also increases to cope with a higher load and maintain
the motor’s speed. Thus, the motor’s voltage amplitude is
defined as,

v= (K + Kol +20)) 31)

VOLUME 11, 2023

where:
Ki=ph (32a)
2 2
pL2+(Lg—Ly) 2
Kp=="4 = 57 (32b)
A 6 3p(La — Ly)
From (19), A6f is small angle deviation such as

tan_l(x) ~ x, [48]; accordingly, the angle deflection from
the g-axis A0 is rewritten as,

Lypwi
AG = z an e (33)
Lapo——- {La—Ly) 2+p)»a)
While &22 « 1 =~ 0; then,
L, .
A8 =i, (34)

Substituting i, (29) in A6 equation (34) yields,

L, 1 2
A= 3= /1+27 35
A \/5 3p(Lag — Lq)2 53

As it can be seen in (35), there is a nonlinear correlation that
the voltage’s angle, for a given motor’s speed. Therefore, the
motor’s voltage angle variation is defined as,

A0 =Ky V1421 4+ ABppk (36)

where, Afppgx = Kp e, + K; few

Ly 1, 2)
- = (37)
A \/3 3p(Ld - Lq)2

Since a feedforward would eventually result in residual
errors due to various uncertainties, a simple proportional-
integral (PI) controller is added as feedback. Given a prede-
fined reference speed trajectory w*, an error of speed tracking
is outlined by e, = @ — w*. The error signal is applied
to the PI controller that drives the error to zero by effecting
proper action. The PI control gains K}, and K; are chosen using
empirical analysis; however, the analytical method is used as
an insight for the selection of the values for the coefficients
K1, K,» and Ky.

The control scheme is illustrated in Fig. 4. At is can be
seen, the controller drives the motor’s speed to its desired
trajectory by providing the desired voltage’s amplitude v and
angle A6 which are then applied to a space vector pulse width
modulation (SVPWM) module to produce the essential gate
pulses required by the inverter.

Henceforth, the simplified motor’s voltage amplitude and
angle variation are defined in (31) and (36), with the control
coefficients K1, K,» and Ky calculated as in (32) and (37).
Unlike other methods where control gains are set using an
extensive trial-and-error procedure, formulation (32) and (37)
provide an analytical solution to calculate these gains. This
is important to note that gains are expressed in terms of the
motor’s parameters, which provides an insight for further
tuning. The proposed strategy exploits the simple relationship

Ky =
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FIGURE 4. Control scheme.

Mechanical load

IPMSM

M
w
T TL
) T * vk Vs Speed Control
\Y Powertrain Torque Control System
Driving Model Syslem vh v FOC / Proposed
Cycle Technique
o' *
@ w
TABLE 1. 10HP Motor’s physical parameters.
Parameter value
Nominal power (KW/Hp) P, = 7.46/10
Nominal speed (RPM) wy, = 1800
Nominal torque (N-m) Tn = 39.5

FIGURE 6. Experimental setup.

between voltage, speed and torque depicted in Fig. 3. Since
the load torque can be directly estimated from (3c), no current
control regulation is needed.

V. VALIDATION AND DISCUSSION
A. EXPERIMENTAL IPMSM SETUP

To assess the performance of the MTPA controller, various
tests are conducted on 7.46 KW/10 HP and 3.7 KW/5 HP,

33864

Lg=221-10"°3
L,=91.1-10"°

Direct inductance (H)
Quadrature inductance (H)
Armature winding resistance (£2) R=6.51-10""1
Flux linkage (Wb) A =67.09-10"2
Number of pole pairs p=2

1800 RPM IPMSMs, (Table 1 and 2). The motors parameters
have been used from the manufacturer’s data sheet after
adjusting the parameters according to lab temperature and
confirming the result with the measured values. As depicted
in Fig. 5 and 6, induction motors of the same power are con-
trolled in torque mode to generate the mechanical load while
the IPMSM operates in speed mode through the inverter.
A DC power supply is used to produce a stabilized voltage
of 750/350 Vdc. The sampling and switching frequencies
are set to 20 kHz and 1 kHz, respectively. The experiment
setup is modeled in the MATLAB/Simulink environment and
implemented in a real-time OP4500 platform and a Texas
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TABLE 2. Vehicle parameters.

Parameter Value

Vehicle mass (p.u) M, =1.0
Vehicle frontal area (m?) A =235
Rolling resistance coefficient: Kgr = 0.015

for average paved roads
Wind resistance coefficient (N/(m?/s)?): | Kw = 0.3
for passenger cars

Gear ratio ry = 1.0

Wheel rolling radius (m) rr = 0.325
Nominal motor power (KW/Hp/p.u) P, =3.7/5/1.0
Nominal motor speed (RPM/p.u) wy, = 1800/1.0
Nominal motor torque (N-m/p.u) ™ = 19.8/1.0
Nominal motor line voltage (V) v, = 230
Inductance in d-axis (H) Lg=42-10"°
Inductance in g-axis (H) Ly =8.3" 1073
Armature winding resistance (£2) R=0.2

Flux linkage (Wb) A=10.8-10"72
Number of pole pairs p=3

Instruments DSP card (F28379D). The control performance
is evaluated taken into account the motor’s three-phase cur-
rents, speed tracking signals, voltage amplitude and angle
variation, the control signal, and duty cycles, i.e., applied
voltage vzﬂ. The speed and torque compensation gains are
chosen using (32), (37).

B. DRIVING CYCLE VALIDATION

The vehicle model presented in Section II is executed for
EPA Supplemental Federal Test Procedure (US06) driving
cycle. The standard driving cycle utilized for experimental
validation is a driving pattern for automotive dynamometers
that captures vehicle dynamics. The driving profiles, motor
reference speed, and mechanical load torque of the scaled
machine without regenerative braking are created using the
vehicle and IPMSM data in Table 2 [49]. Fig. 5 shows the
experimental setup of the electric vehicle model, which con-
tains the driving IPMSM motor and induction dyno motor,
along with the powertrain model. The powertrain model’s
output speed is the reference speed of the FOC or proposed
speed control system, and the torque output is the reference
torque of the dyno motor control system. Each control system
operates an independent voltage source inverter to drive its
respective motor.

The driving cycle experimental comparison is presented
to confirm the advantages of the simple direct voltage con-
trol model over the FOC method and avoid its limitation
for electric vehicle use. Therefore, the proposed method
is proved by matching it with the FOC MTPA method at
the same speed/torque reference trajectory, at US06 stan-
dard driving cycle with a real-time simulation pattern. The
machine performance is presented in Fig. 7 for both proposed
and FOC MTPA strategies. The speed reference trajectory
tracking for both methods and torque command are shown
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in Fig. 7(a) and 7(b). As it can be noticed, both strategies
show perfect speed tracking implementation in the steady-
state and transient situations during the driving cycle period.
The proposed control strategy is qualified to provide a good
response to the unpredicted changes in the load torque. Since
this strategy directly controls the machine voltage, it avoids
the delay of the cascade control chain effect of the FOC
method. Also, the stator RMS current waveform confirms the
good current consumption with a higher current impulse in
the FOC than the proposed method during the transient state,
Fig. 7(c). Moreover, the impact of the proposed design seems
evident on the controller output signals, voltage’s amplitude
v Fig. 7(d) and voltage’s angle A6 Fig.7(e).

The simplicity of the suggested control approach must
be investigated further since these assumptions may impact
other IPMSM operating features. Fig. 7(d) compares the
voltage amplitude of the IPMSM, which is a function of speed
and load torque for the simplified technique (31) versus the
FOC method, a non-simplified version with no assumptions.
According to Fig. 7(d), both curves overlap in the machine’s
operating zone; however, they vary at some speed/load values
due to disregarding higher order terms. Furthermore, Fig. 7(e)
depicts the IPMSM voltage angle for the FOC method and
the simplified proposed technique (36) (voltage angle as a
function of speed and load torque). A nonlinear relationship
exists between the voltage angle and the speed and torque
of the motor. To compensate for the factors in (21) that are
disregarded in order to keep the motor on the MTPA trajec-
tory and the nonlinearity, a recovery voltage angle, Afrpk,
is considered. As a result, the speed tracking curve, Fig. 7(a),
confirms the acceptable performance of the proposed direct
voltage control method.

C. GENERAL VALIDATION

The 2™ machine (7.46 KW/10 HP, 1800 RPM IPMSM,
Table 1) is tested at different operating conditions to assess
the proposed control method’s performance robustness and
prove its generalization. A benchmark control method, FOC,
is used to rate the effectiveness of the MTPA controller; the
IPMSM drive is first controlled using the well-established
MTPA vector control technique. A 24 N-m load torque is
applied at 25 s and removed at 45 s, and performance is
reported in Fig. 8. From Fig. 8(a), accurate speed tracking can
be deduced by this control method. However, the controller
is unable to obtain a level regulation of the applied voltage’s
angle, as it can be seen in Fig. 8(c). This can be attributed to
the fact that the angle is not a directly controlled state, hence
the irregular dynamics.

With the same reference speed trajectory as in the pre-
vious experiment, the suggested MTPA speed controller is
subjected to a load torque disturbance of 24 N-m and the
results are depicted in Fig. 9. As it can be seen, the proposed
approach reveals good tracking behavior along with excel-
lent current consumption (Fig. 9(b) and 9(d)). First, from
Fig. 9(a), the speed increases when applying load torque
and releasing it in the proposed method. This differs from
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TABLE 3. Sensitivity analysis for 10HP IPMSM.

Sensitivity | +30% -50%

sk 3.7-1073% | 2.78.1073

gla 1.85-1073 | 11.1-1072

S 1.31-1072 | 1.56-1072
+30% 20%

Shts 3.7-107% 2.71-10"4

the FOC method, Fig. 8(a), because the presented approach
uses only one PI controller and avoids the delay of using
the cascaded PI controller. The effect of the single PI is
clearly seen in the parameters of the direct voltage control
method (v, A6), Fig. 9(c). The voltage angle and amplitude
are immediately increased/decreased at applying/releasing
the mechanical load, compared to Fig. 8(c). Second, from
Fig. 9(d), the d-q axis currents prove the performance effec-
tiveness of the direct voltage control strategy in tracking the
MTPA trajectory by matching it with the proven FOC MTPA
method, Fig. 8(d). It is remarkable that the controller can
handle the load torque without any disproportionate current
consumption. Therefore, MTPA operation can be achieved
with direct voltage control.

To inspect the performance under an arbitrary speed/torque
profile, an additional experiment is conducted. For that, the
speed is changed from 0 to 50%, 100%, 75%, and 25% of
the rated speed before being brought back to zero. The load
torque is put in at 50% of the rated speed and, subsequently
changed twice at the rated speed. Results are reported in
Fig. 10 and 11. As it is depicted in Fig. 10(a) and 11(a),
both methods show great speed control performance.
InFig. 10(d) and 11(d), satisfactory MTPA trajectory tracking
is achieved in different operating conditions. In second place,
the direct voltage control method presents good achievement
in the mid-speed loaded case study (between 5-20s).

To assess the proposed control method’s performance
robustness to the machine’s parameters variation, the param-
eters Ly, Ly are changed by (+30% — 50%), R by (+30% —
20%), and A by (+30% — 50%) between 25 — 40s, 45 —
60s, 65 — 80s, and 85 — 100s, respectively with nominal load
torque. As it is shown in Fig. 12, adequate MTPA trajectory
tracking is achieved in these operating conditions. As it can
be observed in Fig. 12(a), the control performance seems to
be more sensitive to a change in the flux that occurs from 85s
to 100s. This is expected since the control coefficients in (32)
are linked to the flux. Nevertheless, the —50% flux variation
generates less than 14 RPM deviation from rated speed which
is an acceptable 0.8% error.

To further analyze the performance of the proposed meth-
ods, a sensitivity analysis is presented as the function
given by [50],

=9
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TABLE 4. Performance index assessment for 10HP IPMSM.

Proposed method MTPA FOC
Nae | 1.74-10° (97%) | 1.69 - 10° (100%)

The sensitivity function S is the ratio of a relative change
in a function f to a relative change in a system parameter p.
Accordingly, the sensitivity analysis is conducted at parame-
ters Ly, Ly, Ry, and A changing by +20% in Table 3.

Besides, to assess the proposed MTPA controller versus the
well-known vector control, the DC-bus power is considered
as a criterion. The DC-bus power of both methods is shown in
Fig. 13. The result reveals that the suggested MTPA method
has a very similar power consumption as FOC. Furthermore,
a performance index 7,4, that calculates the DC-bus current
integral during an experiment is introduced to quantify the
efficiency performance numerically, i.e., n4. = ftg 1y dt.
The numerical results are shown in Table 4. The proposed
MTPA control strategy yields 97% efficiency in the ran-
dom speed and torque experiments. Therefore, the proposed
MTPA control scheme is able to achieve MTPA operation
without the need for current regulation.

VI. CONCLUSION

This manuscript presents a simple MTPA speed control
method for IPMSM drives. This strategy eliminates the need
for the motor’s current regulation loop, making the control
process much simpler. Acceptable dynamics in the pres-
ence of changing operating conditions are ensured by direct
voltage control. As such, the torque angle is provided by
a PI controller, and torque and speed compensation gains
are then introduced to constrain the motor characteristics
such that they provide a means to regulate the speed of the
IPMSM by following the MTPA operation point. This control
structure is simple when compared to conventional control
strategies such as FOC while achieving comparable speed
regulation performance and current consumption. Its effec-
tiveness is also inspected experimentally and assessed versus
the popular MTPA field-oriented control, which reaches 97%.
Results reveal a high efficiency without the need for cur-
rent control, which reduces complexity with respect to
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conventional methods. The proposed control scheme achieves
accurate MTPA trajectory tracking based on steady-state
equations and does not consider high current/parameters
error. Further, the robustness of the proposed control
method’s performance is confirmed against the machine’s
parameter variation. Nonetheless, good transient behavior is
observed under numerous unpredictable load torque distur-
bances. The proposed MTPA controller is suitable for the
development of low-cost motor drives and electric vehicle
use. At the same time, the proposed method has the limitation
of driving motors with high inertia mechanical loads, such as
in trucks and oversize electrical vehicles. Therefore, it can be
a good solution for personal EVs. Future work will consider
transients to ensure optimal MTPA tracking at all operating
conditions and system stability analysis, as well as THD
analysis.
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